The effect of water on the ignition and combustion characteristics of single droplets of glycerol was studied experimentally. Distilled water was added into a pure glycerol at concentrations ranging from 5% to 20% v/v. The single droplets of glycerol with and without water addition were suspended on the tip of a silicon fibre, and ignited and combusted in air at 1023K. The ignition and combustion processes of the single droplets were recorded using a CCD camera. The droplet size, burning rate, ignition delay time, burnout time, and total combustion time were determined. It was found that the burning rate and the ignition delay time of glycerol droplets increased with increasing water concentration. However, the addition of water in the glycerol resulted in shorter burnout times and had negligible effect on the total combustion time of the glycerol droplets.
Introduction
Crude glycerol is a by-product of the biodiesel production process. The global biodiesel production in 2014 was approximately 28.3 billion litres, yielding ca.2.8 billion litres crude glycerol production [1] . Unfortunately, the available market of crude glycerol is already saturated, thus it is necessary to develop alternative technologies to use glycerol. [2] . In order to beneficially utilise such an increasing amount of crude glycerol, burning it as a fuel for heat and power generation is perhaps one of the most economic and feasible option that has a great potential to save fossil fuels and improve the economics of biodiesel production [3] . However, challenges remain if the crude glycerol is used as a fuel due to the properties and impurities of crude glycerol. For example, the typical crude glycerol from vegetable oil transesterification process include 22.9 -63 v% of free glycerol, 9.9 -19.2 v% of methanol, 7.2 -34.5 v% of water, 0 -26.5 wt % of soap, 0 -28.8 wt% of fatty acid methyl ester (FAME), 0 -7.0 wt% of glycerides, 0 -3.0 wt % of free fatty acid (FFA), and 2.7 -3 wt% of ash [4] .
In order to utilise crude glycerol as a fuel, understanding the effect of impurities on the ignition and combustion characteristics of glycerol is essential. Our previous work has studied the effect of methanol on the ignition and combustion characteristics of single droplets of glycerol [5] . Water has also been reported to have a significant impacts on the combustion characteristics of liquid fuel [6, 7] . As a continuation of our studies, this paper reported the impact of water on the ignition and combustion characteristics of single droplets of glycerol. The suspended single droplet experimentation was used [8] . The relevant ignition and combustion characteristics including the burning rate, ignition delay time, burnout time, and total combustion time were investigated.
Experimental

Materials
The pure glycerol used in the current study was purchased from Sigma Aldrich. The distilled water was added into pure glycerol at 5%, 10%, 15%, and 20% by volume. The key physical and thermodynamic properties of glycerol, water and their mixtures are listed in Table 1 . 
Experimental
The single droplet combustion experiments were carried out using an experimental apparatus as shown in Figure 1 [8] . In brief, the experimental apparatus consisted of a horizontal tube furnace (600mm in length and 40mm in diameter) with temperature control for providing a hot air environment, a droplet suspension system, a step motor for delivering the droplet into the furnace, and a CCD camera for measuring the aforementioned combustion characteristics.
In a typical experiment, the furnace was heated to and maintained at 1023K prior to the insertion of the single droplet. The droplet was produced by a micro pipette of 10 µL and was deposited on the tip of a silicon carbide fibre of 0.142 mm in diameter. The actual shape of the suspended droplet was elliptical and a stated droplet size refers to an equivalent value, which was determined as the cubic root of the product of droplet width squared and droplet length [11] . Aided by the step motor, the droplets were delivered to the centre of the furnace at a linear velocity of 1m s -1 . A high speed CCD camera (Basler PIA-210gc) was used to capture the images during the combustion process. In order to determine the droplet size and the burning rates, a 50 w lamp was used to backlit the burning droplets to assist the droplet size measurement. The recorded images of backlit burning droplets were processed using Matlab to determine the droplet size (d s ) evolution during ignition and combustion processes. The burning rate was determined based on the classical d 2 -law of droplet combustion. From the d 2 -t plot, the burning rate
Figure 1 A schematic diagram of the apparatus for the droplet combustion experiments [8] The ignition delay time, burnout time, and total burning time of a burning droplet were calculated using the images taken by the CCD camera at 60 fps. The ignition delay time ( ) Figure 2 shows the time-sequenced images of burning glycerol droplets with and without water addition at the initial droplet sizes (t 0 ) of approximately 1mm. First of all, the general ignition and combustion processes for the glycerol with and without the water addition were similar. Prior to the ignition (t i ), bubbles were formed inside the droplet, leading to the distortion and an expansion of the sizes of the droplets. The bubbles broke-up and caused micro-explosion of the droplets before the ignition. As a result, the droplet sizes at the moment when the ignition occurred were much smaller than the initial droplet size. When the ignition occurred and afterwards, there was no micro-explosion occurred and the combustion was quiescent. However, the water addition had a significant effect on the ignition and combustion process of glycerol droplets. It is clear that the addition of water in glycerol droplets accelerated the formation of the bubbles before the ignition, which expanded and increased the sizes of the droplets significantly. The sizes of the bubbles increased as the water concentration increased.
Results and Discussion
Ignition and combustion phenomena of the single droplets
The formation of the bubbles is caused by the droplet internal circulation as a result of shear forces along the gas-liquid interface of the droplet caused by non-uniformity of temperature or composition inside the droplet [7] . Water is more volatile and has a lower boiling point than glycerol as seen in Table  1 . During the ignition and combustion of the water-glycerol droplets, when the temperature inside the droplets reached the water boiling point, the water trapped inside the droplet would evaporate to become steam, resulting in the formation of bubbles. For the pure glycerol droplets, bubbles were still formed, which may be due to the fact that the glycerol adsorbed moisture from air as the glycerol has a very high water adsorption capability [9] . Figure 3 illustrates the temporal variations of the squares of the normalised droplet diameters (d/d 0 ) 2 for glycerol droplets with various water concentrations after the ignition. Overall, the droplet sizes decreased linearly with time, which implies that the combustion complied with the d 2 -law [12] . However, there were fluctuations of the droplet sizes and the intensity of the fluctuation was stronger when the water concentration in the glycerol increased. This is due to the bubble formation and collapse inside the droplets as observed in Figure 2 . Figure 4 shows the burning rates of glycerol droplets with different water concentrations. It is clear that the addition of water increased the burning rates of pure glycerol droplets. According to the classic combustion theory of droplets, the burning rate of a fuel increases as the latent heat of evaporation, fuel boiling point, and density decrease [12] . As shown in Table 1 that the addition of water in glycerol reduced boiling point, heat of evaporation and density of glycerol. As a result, higher burning rates of glycerol droplets were achieved with the addition of water in the pure glycerol and the burning rate increased as the water concentration increased. Furthermore, water addition also enhanced the burning rates of the glycerol droplets in that it promoted the bubble formation and subsequent micro-explosion of the droplets during combustion as observed in Figure 2 . Figure 5 shows the effect of water addition on the ignition delay time, burnout time, and total combustion time of glycerol droplets. The ignition delay time increased with the increase of water added into the glycerol. The ignition delay time is influenced by droplet heating and evaporation, molecular diffusion and mixing with air, and subsequent chemical reaction of gas phase between fuel and oxygen. Prior to the ignition, water evaporated at the beginning of the combustion due to its lower boiling point than that of glycerol, leading to longer ignition delay. On the other hand, the water can suppress the chemical reaction rate of the hydrocarbon-air mixture as it absorbs heat at certain conditions [13] . Conversely, the burnout time decreased with the increase of water concentration in the glycerol droplets. This is because the burning rates of the glycerol droplets were improved as shown in Figure 4 . However, the total combustion time remained almost constant by changing the water concentration in glycerol. The total combustion time is the sum of the ignition delay time and the burning time. As discussed before, the water addition in the glycerol increased the ignition delay time but reduced the burnout time. As a result, the total combustion time of glycerol droplets remained unchanged, indicating that the effect of water on the total combustion time of single droplets of glycerol was a trade-off between the ignition delay time and the burnout time. 
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Conclusions
Effect of water on the ignition and combustion characteristics of single droplets of glycerol was experimentally studied using suspended single droplet combustion technique. It was found that the addition of water promoted formation of steam bubbles in the droplet interior prior to the ignition. The bubbles led to the micro-explosion, which contributed to the increase of the burning rates and the decrease of the burnout times of the glycerol droplets. The addition of water also increased the ignition delay time of the glycerol droplets. However, the total combustion time of the glycerol droplet with the water addition was relatively constant regardless of the water concentration.
